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Membrane proteins

Magic angle spinning (MAS) solid-state NMR (ssNMR) spectroscopy is emerging as a unique method for
the atomic resolution structure determination of native membrane proteins in lipid bilayers. Although
13C-detected ssNMR experiments continue to play a major role, recent technological developments have
made it possible to carry out 'H-detected experiments, boosting both sensitivity and resolution. Here, we
describe a new set of 'H-detected hybrid pulse sequences that combine through-bond and through-space
correlation elements into single experiments, enabling the simultaneous detection of rigid and dynamic
domains of membrane proteins. As proof-of-principle, we applied these new pulse sequences to the
membrane protein phospholamban (PLN) reconstituted in lipid bilayers under moderate MAS conditions.
The cross-polarization (CP) based elements enabled the detection of the relatively immobile residues of
PLN in the transmembrane domain using through-space correlations; whereas the most dynamic region,
which is in equilibrium between folded and unfolded states, was mapped by through-bond INEPT-based
elements. These new 'H-detected experiments will enable one to detect not only the most populated
(ground) states of biomacromolecules, but also sparsely populated high-energy (excited) states for a
complete characterization of protein free energy landscapes.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Solid-state NMR (ssNMR) is the method of choice for probing
structure, dynamics, chemistry, and ligand binding of microcrys-
talline, membrane-bound, and fibrillar proteins with atomic reso-
lution [1-4]. Sensitivity and resolution of the resonances in
multidimensional NMR spectra are fundamental requirements for
protein structural analysis. Recent reviews have illustrated the
most important achievements in this field [5-8]. These advance-
ments are due to developments in high-field magnet technology,
probe design, isotopic-labeling schemes, improved sample prepa-
ration techniques, and modern pulse sequences. However, the sen-
sitivity and resolution of the ssNMR spectra still limit the routine
application of these techniques for membrane proteins, where
lipids are essential in sample preparations to maintain native
conditions.

In recent years, our group has been redesigning the classical
MAS ssNMR experiments for resonance assignment and distance
determination in biological solids, boosting both sensitivity and
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resolution [9-12]. Toward this goal, we developed a new class of
experiments called Polarization Optimized Experiments (POE) that
utilize orphan spin operators to generate up to eight multi-
dimensional NMR spectra from one pulse sequence [9,13]. These
experiments are performed using commercial ssSNMR probes for
bio-solids and require only one receiver. POE methodology exploits
simultaneous cross-polarization (CP) and long-lived '°N polariza-
tion of isotopically labeled proteins for generating multiple acqui-
sitions. Recently, POE have been extended to 'H detection under
moderate or fast MAS conditions using perdeuterated sample
preparations to further improve their sensitivity [14-18].

As for soluble proteins, integral or membrane-associated pro-
teins populate different structural states modulated by their lipid
environment as well as conformational dynamics [19-21]. Confor-
mational dynamics can promote proteins’ to alternate states, char-
acterized by high conformational energy, often referred to as
conformationally excited states. These states are sparsely popu-
lated and have been found to play an essential role in many biolog-
ical functions [20-22]. However, detecting these lowly populated
dynamic states using '3C detected experiments and conventional
CP-based ssNMR pulse sequences is quite challenging. In fact, fast
motions of protein segments can dramatically scale down anisotro-
pic NMR interactions such as chemical shift anisotropy and dipolar
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couplings [23-25]. These effects increase the coherences lifetime
(T,), and have enabled the detection of mobile domains using
solution-NMR type pulse sequences under moderate spinning
speeds [26,27]. Following a similar strategy, we recently described
'H detected through-bond correlation experiments for studying
conformationally excited states of membrane proteins under mod-
erate MAS conditions using fully protonated samples reconstituted
in hydrated proteoliposomes [28]. These experiments were suc-
cessfully applied to phospholamban (PLN), a cardiac membrane
protein that regulates calcium transport across the sarcoplasmic
reticulum (SR) membrane by interacting with the sarcoplasmic
reticulum Ca?*-ATPase (SERCA) [20]. We demonstrated that a sen-
sitivity enhancement of up to ten times can be achieved via 'H-
detected >N HSQC type MAS experiments. Notably, these highly
sensitive 'H detected experiments allowed us to detect weakly
populated (less than 5%) excited states of phospholamban in vari-
ous lipid mixtures [28]. Therefore, a complete structural analysis of
the different functional states of membrane proteins may require
the application of both INEPT and CP-based experiments [29,30].

In this work, we report a new strategy for 'H detected experi-
ments on membrane proteins. We showed that it is possible to
acquire both INEPT- and CP-based 2D correlation spectra in a sin-
gle experiment. Specifically, we were able to image both N-H" and
Co-HN fingerprints detecting both the ground and the excited
states of PLN, speeding up the characterization of the conforma-
tional energy landscape for membrane proteins.

2. Material and methods

Uniformly '3C/'>N labeled monomeric PLN (PLN*™) was
expressed as a fusion protein with maltose binding protein in
BL21 (DE3) E. coli and purified as reported previously [31]. The final
sample consisting of about 2 mg of PLN was reconstituted in 1:100
protein to lipid ratio with DMPC liposomes and packed into a
3.2 mm Agilent MAS rotor using a series of centrifugation steps
[20]. All of the solid-state NMR experiments were acquired at the
Minnesota NMR center using an Agilent ssNMR spectrometer oper-
ating at a 'H Larmor frequency of 600 MHz and equipped with 3.2
mm MAS probe with reduced RF heating technology. MAS rate of
12 kHz was used in all the experiments with a recycle delay of
3s and 50 kHz spectral width in the t, dimension. For immobile
regions of membrane proteins that are detectable via CP-based
experiments, the transverse relaxation times (T,) are relatively
short. For this reason, the t; and t, evolution periods are relatively
short for the cpHSQC compared to the INEPT-based riHSQC exper-
iment. In our experiments, the number of t; increments for riHSQC
and cpHSQC were set to 80 and 40, with a dwell time of 200 pis that
gives maximum t; evolution periods of 16 and 8 ms, respectively.
Two loops were applied (n = 2, see Fig. 1B and C) during the t; evo-
lution of cpHSQC, where each t; loop with 40 increments was pro-
cessed separately and then added for obtaining the final cpHSQC
spectrum. A similar strategy was previously applied to obtain dual
acquisition spectra in the DUMAS and MEIOSIS methods [9,10]. The
t, acquisition time was set to 30 and 20 ms for riHSQC and cpHSQC
experiments, respectively.

The 90° pulse lengths for 'H, '3C, and '>N were set to 2.5, 7, and
7 us, respectively. Water suppression was obtained from phase
switched spin-lock pulses with phases x and y with RF amplitude
of 30 kHz and duration (1) set to 200-250 ms. For riHSQC experi-
ments, the T value was set to 5.4 ms (1/2 Jyn), and during t, acqui-
sition N heteronuclear decoupling was obtained using the
WALTZ-16 sequence with the RF amplitude set to 10 kHz [32].
For cpHSQC, during "H-'3C or ">N-'H CP transfer '3C, '°N and 'H
RF amplitudes were set to 35, 35 and 59 kHz respectively, while
the 'H RF amplitude was linearly ramped from 80 to 100%. The

optimal Hartmann-Hahn (HH) contact time for 'H-'>N or 'H-'3C
CP was found to be 500-1000 ps at different temperatures,
whereas the length of 'H-'>N-CP prior to acquisition was set to
200 ps for selective N-HN transfer. During >N or '3C t; evolution,
TPPM decoupling was applied on 'H with 100 kHz RF amplitude.
For the specific-CP transfer from '3Ca (*3CO) to '°N, 100 kHz CW
decoupling was applied on 'H, whereas >N RF amplitude was set
to (5/2)-0; (~29.5 kHz), and '3C RF amplitude was set to (3/2)-o;
(~18.6 kHz) and (7/2)-o, (~41kHz) for 3Ca and '3CO specific-
CP, respectively. The specific-CP was implemented with an adia-
batic ramp (A ~ 1.6 kHz and B=0.5 kHz), and the contact times
for CAN and CON transfers were set to 3.0 and 3.3 ms, respectively.
During t, 'H acquisition of cpHSQC experiments a window-PMLG
(phase modulated Lee-Goldberg) was applied on the 'H channel
[33]. The window acquisition parameters were optimized on a
standard U-"3C,'>N NAVL (N-acetyl-Valine-Leucine) sample, where
the 'H line widths were found to be between 120 and 150 Hz. In
each cycle of window-PMLG, a detection period of 1.8 us was
inserted between 1.3 and 0.8 us delay periods that account for
receiver and probe ringing, followed by m5m PMLG sequence with
RF amplitude of 100 kHz and length 14 ps. All the spectra were
processed using NMRPipe [34] and analyzed using Sparky [35-37].

3. Results

When applied to a given membrane protein, the riHSQC and
cpHSQC pulse sequences map N-HV backbone fingerprints of
dynamic and immobile resides, respectively. The 'H detected
riHSQC pulse sequence consists of water suppression (t;) and t;
evolution periods that are sandwiched between two 'H-'°N refo-
cused INEPT periods (Fig. 1A). In the cpHSQC pulse sequence
(Fig. 1B), on the other hand, water suppression and t; evolution
periods are sandwiched between two 'H-'>N CP periods followed
by 'H detection under window PMLG sequence. The window PMLG
sequence improves the 'H line widths significantly by suppressing
homonuclear dipolar couplings. A significant drawback of window
acquisition is the reduced sensitivity due to limited detection
points. However, under fast MAS conditions, it is possible to
recover both sensitivity and resolution using regular acquisition.

To make the best of nuclear spin polarization and reduce the
experimental time, we combined riHSQC and cpHSQC pulse
sequences into single experiments. We propose two new schemes
(Fig. 1C and D) that include two acquisition periods per each scan
and record riHSQC and cpHSQC in first and second acquisitions,
respectively. In the pulse sequence represented in Fig. 1C, the
polarization is initially transferred from 'H to '3C using CP fol-
lowed by a 90° pulse that creates '>C z-magnetization. The riHSQC
pulse sequence is then applied on 'H and '°N channels while stor-
ing the '3C polarization along z-direction. After the first acquisi-
tion, the carbonyl magnetization is transferred to '°N via
specific-CP followed by a t; evolution period. A short 'H-">N CP
(~150-200 us) is then applied for selective polarization transfer
from the N nuclei to the directly bonded amide protons followed
by 'H detection during the second acquisition. Note that during
riHSQC sequence and its t; evolution, the 3CO z-spin operator
undergoes T, relaxation. In order to keep the relaxation constant
for all t; increments, a delay of (CT-t;) is applied at the end of first
acquisition. Fig. 1D shows another version of the pulse sequence,
where the riHSQC is acquired during the first acquisition followed
by a 90° pulse on '3C that creates '>CO direct polarization that is
used for recording cpHSQC during the second acquisition. In con-
ventional cpHSQC (Fig. 1B), the polarization follows the H-N-HV
pathway; whereas for the cpHSQC acquired in second acquisition
the polarization follows the H-CO-N-NH and CO-N-NH pathways,
respectively (Fig. 1C and D).
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Fig. 1. Pulse sequences for two-dimensional 'H-detected cpHSQC and riHSQC two-dimensional experiments for mapping N-HN backbone finger prints of ground and excited
states of proteins. (A) riHSQC, (B) cpHSQC pulse sequences using single acquisiton. (C) and (D) show new pulse sequences for simultaneous acquisition of riHSQC and cpHSQC
in first and second acquisitions respectively. The t; evolution was used with two loops (n = 2) for cpHSQC prior to second acquisition. For all the pulse sequences, a two-step

phase cycle was used by switching the ¢ and receiver phases, t; states acquisition was obtained by altering the phase of ¢ pulse between x and y.
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We applied the 'H detected HSQC experiments on U-'3C,'>N
labeled phospholamban (PLN), a 52-residue membrane protein
that regulates the SR Ca%*-ATPase. PLN comprises an inhibitory
transmembrane domain (domain Ib and domain II) and a regula-
tory domain (domain Ia), connected by a short, flexible loop.
Fig. 2 compares the sensitivity of riHSQC and cpHSQC 1D spectra
acquired using single and dual acquisition methods, respectively.
The sensitivity for the riHSQC is almost identical between the
two methods; whereas the sensitivity of cpHSQC acquired using
the dual acquisition method is ~50% lower compared to single
acquisition sequence. The sensitivity achieved in ‘n’ scans is /n,
so the sensitivity in ‘n/4’ scans is equal to \/n/4 or 0.5 % v/n which
is equal to half of the sensitivity. In other words, the cpHSQC
acquired separately would require about one fourth of the number
scans (~25% more experimental time), hence, the dual acquisition
sequences result in a time saving of ~25%. Indeed, a loss of signal is
expected for the cpHSQC sequence as the additional polarization
transfer pathways as well 13C T; relaxation reduces the initial °N
polarization prior to the t; evolution period. Nevertheless, the
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Fig. 2. Phospholamban amide 'H spectra obtained from riHSQC and cpHSQC
experiments by using the pulse sequences of Fig. 1 with t; set to zero. (A) and (B)
were respectively acquired using riHSQC and cpHSQC shown in Fig. 1A and B. Each
of the two spectra in (C) and (D) were simultaneously acquired by using the pulse
sequences of Fig. 1C and D respectively.

¢pHSQC spectrum is acquired along with riHSQC with almost no
additional time. This sensitivity comparison is also shown for the
2D spectra in Fig. 3. The riHSQC of Fig. 3A and cpHSQC of Fig. 3B
were acquired in 23.52 and 6.1 h, respectively, whereas Fig. 3C
shows the simultaneous acquisition of both the spectra using
24.08 h. Integrated intensity of riHSQC and cpHSQC were found
to be almost similar between Fig. 3A, B, and C, with a 25% time sav-
ing using the dual acquisition. Previous solution and solid-state
NMR as well electron paramagnetic resonance (EPR) experiments
from our group and others have shown that PLN’s regulatory
region in the absence of SERCA undergoes a conformational equi-
librium between an ordered T state (helical) and a disordered R
state (unfolded and membrane detached) [27,38]. The red envelop
of peaks correspond to the most rigid resonances (T-state + inhibi-
tory domain) of the protein, while the resonances in blue corre-
spond to the most dynamic region of the protein (domain Ia and
loop) which correspond to the disordered R-state (see Fig. 3C).
The schematic of T and R-state equilibrium is shown in Fig. 3D
(PDB structures 2KB7 and 2LPF), where the domains Ia, Ib and loop
regions are highlighted in blue.

The pulse sequences for simultaneous acquisition '>N-edited
riHSQC and cpHSQC of Fig. 1C and D, can also be extended to '3C
edited experiments. Fig. 4A shows another example where the first
acquisition records '°N-edited sensitivity enhanced riHSQC (SE-
riHSQC) experiment [28]; whereas second acquisition utilizes a
direct Cot polarization for CA(N)HN correlation via CA-N and N-H
polarization transfer periods. The 2D ®N-edited riHSQC and '3Ca.
edited cpHSQC spectra of PLN are shown in Fig. 4B. Note that the
H resolution in the °N-edited cpHSQC (Fig. 3) is similar to that
of the 3C-edited cpHSQC (Fig. 4B). The t, for the detection of the
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Fig. 3. 2D N-HN correlation spectra of phospholamban membrane protein obtained
from the pulse sequences of Fig. 1. The spectra in (A) and (B) were acquired
separately using the pulse sequences of Fig. 1A and B respectively. (C) 2D spectra
riHSQC (blue) and cpHSQC (red) were simultaneously acquired using the pulse
sequence of Fig. 1D. The riHSQC spectrum maps the dynamic cytoplasmic residues
of phospholamban, whereas the relatively immobile transmembrane and jux-
tamembrane residues are mapped by the cpHSQC spectrum. (D) Structures of PLN
in the T (2KB7) and R (2LPF) states. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (A) Pulse sequence for simultaneous acquisition of INEPT-based N-H" and CP-based CA(N)HN correlation experiments acquired in first and second acquisitions
respectively. A sensitivity enhanced riHSQC was used for first acquisition, whereas a direct '3Co. polarization was used for CA(N)HN experiment during the second acquisition.
(B) '>N-edited SE-riHSQC and '*Ca-edited cpHSCQ spectra of phospholamban obtained from the pulse sequence of (A).

amide protons is identical in both spectra. However, for PLN the
chemical shift breath for the '3Ca resonances is ~12 ppm, which
is much larger than the corresponding °N dimension (~3 ppm).
Therefore, the spectrum shown in Fig. 4B (3Co-edited cpHSQC)
has better overall resolution. While the current experiments were
implemented at 12 kHz spinning, we anticipate that the applica-
tion of dual acquisition riHSQC-cpHSQC can further enhance the
sensitivity at higher spinning speeds.

To further understand the dynamics of these structural regions,
we carried out the riHSQC-cpHSQC experiments at different tem-
peratures, ie., —20, 2, 25, and 37 °C (Fig. 5) using the pulse
sequence of Fig. 1D. While the chemical shifts of the peaks attrib-
uted to the T-state remain essentially unchanged, the R-state peaks
gradually shift toward higher fields as a function of temperature.
Note that a complete unfolding of the cytoplasmic domain occurs
only by removing the transmembrane domain and analyzing a
peptide corresponding to residues 1-23 of PLN [39]. From the lin-
ear behavior of the chemical shifts as a function of the tempera-
ture, it is possible to deduce a single thermal unfolding process
[40] as previously reported for PLN using chemical unfolding
[39]. The latter is further supported by our earlier studies on PLN
using '3C detected DARR and rINEPT experiments [20].

4. Discussion

Historically, INEPT and CP pulse sequences represented the
basic building blocks of solution and solid-state NMR experiments,
respectively. While the ssNMR of proteins predominantly requires
the use of CP-based experiments, recent studies have shown that
the dynamic regions of membrane proteins as well as for some pro-
tein fibrils, INEPT-based experiments are crucial for complete
structural mapping. Baldus and co-workers have demonstrated
the use of 13C and '°N detected CP and refocused INEPT experi-
ments under moderate MAS conditions for studying several mem-
brane proteins including PLN [23,41,42]. Recently, Ramamoorthy
and co-workers have utilized the hybridization of CP and INEPT
pulse sequences for sensitivity enhancement of oriented as well
as MAS samples [43,44].

There is growing evidence that sparsely populated states play a
significant role in biology. PLN is a classic example of such phe-
nomenon, where the dynamic R-state binds and regulates SERCA,
decreasing its apparent affinity for Ca%* ions in a reversible manner
[20,45,46]. Recently, we have also shown that the population of R-
state can be dramatically changed by both mutations in PLN and
lipid composition [39]. The high sensitivity of 'H detection can
detect both ground and sparsely populated conformationally
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Fig. 5. Simultaneous acquisition of riHSQC and cpHSQC spectra of phospholamban
using the pulse sequence of Fig. 1D at different temperatures. The relative peak
positions of cpHSQC spectra remain similar, whereas the riHSQC peaks are
gradually shifted as a function of temperature indicating the change in structural
dynamics.

excited states simultaneously and make it possible to have a semi
quantitative estimate of the conformational equilibrium and the
energy landscape of PLN. Although the co-existence of T and R-
state were already demonstrated in our previous publications
using '3C detected experiments [20,27], the complete assignment
of R state residues was not possible due to a low sensitivity of
the samples. The highly sensitive 'H-detected methods will enable
the acquisition of 3D sequential correlation experiments for map-
ping of the R-state residues of the cytoplasmic region. Recently,
we have demonstrated the quantification of relative populations
of the T and R states using '°N detection (1D CP and rINEPT exper-
iments) [28]. In principle, 'H detection (1D c¢pHSQC and riHSQC
experiments) could be used for estimating these populations. How-
ever, the length of the 'H detected experiments is twice that of °N
detected experiments and the spin dynamics is different due to the
strong 'H-'H dipolar interactions, preventing an accurate quantifi-
cation. The latter is exhacerbated by the long water suppression
element that is necessary for 'H detected experiments. While for
crystalline and amyloid proteins, water suppression is usually
achieved using short spin lock periods (t;) of 50-100 ms, in our
experiments T; needs to be set to 200-250 ms due to the higher
water content of lipid-based membrane protein samples. Also,
the 'H line widths of cpHSQC experiments at 12 kHz MAS are rel-
atively broad compared to crystalline proteins in spite of using
homonuclear window-PMLG decoupling. We anticipate that the
application of these pulse sequences under fast MAS conditions
(40-60 kHz) can further improve the line widths as well as sensi-
tivity. Although the current experiments were demonstrated using
a regular MAS setup (without gradient and field lock channels) a
further gain in both sensitivity and resolution will be possible,
thanks to these technological advancements.

5. Conclusions

In conclusion, we have developed a new 'H-detection strategy
for simultaneous acquisition of CP- and INEPT-based out-and-
back experiments on membrane proteins, which resulted in
approximately 25% time saving. We successfully tested these
new pulse sequences on fully protonated U-'3C,'>N labeled PLN
in proteoliposomes using 12 kHz MAS spinning rate. These new

methods provide the basis for the development of 3D sequential
correlation experiments for detecting and characterizing both
ground and excited states of membrane proteins embedded in bio-
logically relevant lipid membrane models.
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